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SUMMARY

In 2009, California (CA) State and Federal agencies declared the black abalone (Haliotis cracherodii), a marine
gastropod mollusk, endangered under the Endangered Species Act. H. cracherodii ranges from northern CA to
Baja CA, Mexico and occurs in rocky intertidal habitats to about 6 m depth. This accessibility exposes them to
anthropogenic pressures from human harvesting, habitat destruction, and pollution more than other CA abalone
species. In the wild, fertilization and recruitment rates of H. cracherodii are currently critically low due to the
low density of reproductive adults, making it difficult for populations to recover from pressures such as
Withering Foot Syndrome (WFS) and human harvesting (Chambers et al. 2006). Restoring wild populations
therefore, is crucial, and the recovery of this endangered species may require human intervention. Specifically,
optimal methods that enhance the production and settlement of larvae and recruitment of juveniles will be
crucial in aiding its recovery. This may ultimately require rearing H. cracherodii juveniles in laboratory
aquaculture settings and outplanting them into wild populations. However, little is known about how different
adult rearing conditions will impact larval production and performance, or how these conditions impact the
species’ larval stages, survival and competency.

In this study, we will explore whether parental diet affects their fecundity, and how parental diet and larval
rearing temperatures together affect growth, development, and settlement of their larval stages. Specifically,
adult H. cracherodii have been fed diets that consist of either single species or mixed assemblages of different
Phaeophyceaen (brown) and Rhodophyceaen (red) macroalgae, and their production of larvae quantified.
Further, these larvae will be reared under different temperatures and their development and settlement will be
monitored. Like other abalone species, H. cracherodii larvae are lecithotropic, indicating feeding does not
occur during the larval stages. Rather, the larvae must rely on the yolk provided by the mother as an energy
source, suggesting that parental condition may be crucial to larval settlement and competency, and ultimately to
the successful recovery of the species. However, the variation in seawater temperature under which the larvae
are released can also be important by either accelerating or delaying metamorphosis, suggesting this also may
be important for their recovery. In fact, studies have shown differences in lipid and protein composition in
Haliotis spp. larvae reared from parents fed varying diets, and temperatures under which their larvae were
released significantly affect larval settlement and development. By investigating the potential synergistic effects
of parental diet and seawater temperature on the development and settlement of H. cracherodii larvae we will
identify optimal techniques for increasing larval production and settlement competency, and juvenile
recruitment. In doing so, this study will support conservation efforts of this endangered species as well as
provide possible methods for commercial farmers of other southern California Haliotis species.



INTRODUCTION

Southern California (CA) is home to seven abalone species in the genus Haliotis; H. assimilis (threaded), H.
corrugata (pink), H. cracherodii (black), H. fulgens (green), H. rufescens (red), H. sorenseni (white), and H.
walallensis (flat). Abalone are gastropod mollusks and follow a life history starting with male and female adults
that broadcast spawn their gametes into the water column for eggs to be fertilized by sperm; then the first larval
stage called the trocophore larval stage hatches out from a fertilized egg, (~22 hours after eggs have been
fertilized); next the metamorphosis of the second larval stage called the veliger stage occurs (~43 hours after
eggs have been fertilized); and lastly, settlement occurs where the post-larval/juvenile undergoes
metamorphosis and sinks to the benthos (~68 hours after eggs have been fertilized), and grows into the adult
stage (Jardillier et al. 2008). Abalone species inhabit coastal subtidal and intertidal habitats where they feed on
various species of macroalgae.
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Figure 1. The life cycle of Haliotis spp. reveals the two yolk-bearing, free-swimming larval stages (trocophore
and veliger) and settlement or juvenile/post-larval stage (from Jardillier et al. 2008)

Due to their feeding activity, they are often considered ecosystem engineers because they alter recruitment not
only of their own species, but of other benthic invertebrates and algae as well (Matthews and Cook 1995; Miner
et al. 2006). Furthermore, abalone are a highly prized commercial and recreational fishery species and comprise
part of the diet for a number of invertebrate and vertebrate predators. However, due to human harvest and
disease, their abundances in southern CA waters have declined over the past few decades, and many species are
near the point where their populations are near extinction. Consequently, abalone have been protected from
harvest, but their populations remain in dangerously low numbers. Therefore, activities to restore these
populations in the wild are of paramount importance to the survival of these species and the recovery of the
fisheries they once supported.

Currently, the Department of Defense (DoD) Legacy Resource Management Program funded a project

interested in conditioning, spawning, settling, and growing out H. cracherodii for conservation purposes. Dr.
David Lapota and Melissa Blando are working on this project to support the research goals of the program, in
order to aquaculture H. cracherodii for future restoration outplants. Previously, we have worked with various
techniques to increase numbers of juveniles (i.e. increase settlement) of other Haliotis species (H. fulgens and
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H. rufescens) by utilizing artificial seawater, antibiotics, and the settlement cue y-Aminobutryic Acid (GABA)
to increase larvae survival and increase settlement. These techniques are widely utilized by commercial
aquaculture farms, and the techniques are of interest to use on H. cracherodii. Specifically, we are interested in
what factors enhance settlement of H. cracherodii larvae, such as parental diet and larval rearing temperature

Figure 2. Shell of the black Abalone, Halitois cracherodii

Previous research on H. cracherodii and other southern CA Haliotis species have examined the effects of
parental diet and temperature on growth and food consumption. Specifically, Leighton and Boolootian (1963)
observed that diets consisting of giant kelp, Macrocystis pyrifera, and/or the red macroalga, Gigartina
canaliculata, produced higher growth rates in H. cracherodii adults than other types of macroalgae, though
consumption rates of other macroalgal species such as of the featherboa kelp, Egregia laevitaga (Egregia
mensiezii, Abbott and Hollenberg 1992), were greater. This suggests that there are differences in nutritional
and/or energetic quality of their food. Another red macroalga, Palmaria mollis, increased growth rates in adult
H. rufescens, and is considered an ideal food source in land-based aquaculture settings (Demetropoulos and
Langdon 2004), though it remains unclear whether this species of macroalgae will produce similar growth in H.
cracherodii. Similarly, mixed diets of brown and red algae have been shown to produce higher consumption
and growth rates in abalone species around the world, especially when compared to monospecific diets of
brown, red, or green algae Graham 2008; Qi et al. 2010 ). In New Zealand, for example, Stuart and Brown
(1994) determined that a mixed diet of M. pyrifera and Gracilaria chilensis resulted in the highest growth rates
of H. iris when compared to a mixed diet of M. pyrifera and Ulva lactuca. However, a mixed diet of M. pyrifera
and U. lactuca is still of interest for H. cracherodii, especially since these are two common and easily
accessible macroalgae in California. Thus, a primary focus of our research will be to identify different mixtures
of macroalgal species as potential food sources for H. cracherodii aquaculture. Diet is crucial in determining
how to condition H. cracherodii, adults, because diet can promote weight gain, which may increase spawning
success.



" gpecies of Interest: Haliotis cracherodii

Most intertidal species in CAto 6m depth

Primarily eats drift kelp, but also feeds on various
macroalgae

Seasonal broadcast spawners from late spring to early fall

Figure 3. Baseline information for the black abalone. (Photos by Blando and
VanBlaricom).

In addition to adult food, the temperature at which the adults and their larvae are grown can also be important to
the growth and reproduction of laboratory-reared abalone. For example, Larvae of three Haliotis species reared
at temperatures ranging from 15 -23°C grew more rapidly and exhibited higher settlement compared to larvae
reared at temperatures outside of this range (Leighton 1974). Further, Vandepeer (2006) emphasized the
interaction between nutrition and temperature as they impact mortality of H. rubra, suggesting interactions
between adult diet and larval rearing temperature may also be of great importance for H. cracherodii. Likewise,
Nelson et al. (2002) linked the effect of parental diet on larval lipid concentrations in H. fulgens. Specifically,
they demonstrated that a parental diet of E. menziesii resulted in the greatest preference by, and growth in, adult
H. fulgens. They also determined that larvae from parents fed E. menziesii contained the greatest lipid content of
polyunsaturated fatty acids, which was the highest represented lipid class in H. fulgens larvae, and concluded
selective storage of lipids in adult tissues, and subsequent transfer to the larvae. While these studies have all
considered the effects of diet and/or temperature on a variety of abalone species, no studies of which I am aware
have identified optimal temperatures for larval development and settlement in H. cracherodii, and parental diet
has not been clearly linked to temperature rearing effects on their larvae. This information may prove critical in
the successful restoration of black abalone populations.
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* Very few studies
regarding the larval
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black abalone

» Synergistic effects of
parental diet and larval
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any abalone larvae

M.Blando ™

Figure 4. Limited data quantifying proposed rearing of black abalone larval stages.
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Previous Research: Adult Black Abalone

Diet
* Egregia menziesii demonstrated highest feeding rates

® Macrocystis pyrifera showed the best weight promoting
capacity (Leighton and Boolootain 1963)

Temperature

® Biogeographical range at 12 to 25°C

® Highest densities in temperature ranges of 18 to
22°C

* 100% mortality at temperatures =27°C and sperm
non-motile at 27°C (Hines et al. 1980)

Figure 5. Earlier data addressed diet and culture temperature for adult black abalone for limited periods
of time for adult black abalone, but not for larval stages.



CURRENT PRELIMINARY RESEARCH

Inducing spawning in H. cracherodii has been historically difficult (pers. comm. Dr. Caroline Freedman ,2013).
Additionally, the lack of research on H. cracherodii settlement techniques leads to uncertainty. It is crucial for
us to conduct preliminary research utilizing H. fulgens as a surrogate species to determine the appropriate way
to induce spawning of adults, and combination of seawater type, antibiotic type and concentration, food type,
and settlement cue type and concentration for larvae. Furthermore, once we determine these parameters that
induce spawning and increase settlement using H. fulgens, the methods will be applied to H. cracherodii.

Research Ques-ti;)n i

Conditioning Adults:

o

Weekly feeding rate of diets and total
weight of abalone in tank

o

Individual weights before diet and
prior to spawning

Monitor and record seawater
temperature

» Feed conversion efficiency

ults (2869 +/- 65.93g)
» 3 pertank _ scakid

Figure 8. Laboratory culture setup for feeding the adults. All containers received running seawater. (Photos
by Blando).



5 Diets of Interesté

Monospecific
Macrocystis pyrifera (300 grams) M

Egregia menziesii (300 grams)E

Mixed
Macrocystis pyrifera (100 grams), Egregia menziesii (100 grams),
Ulva species(100 grams) MEU

Macrocystis pyrifera (100 grams), Egregia menziesi (100 grams), and
Gracilaria robusta (100 grams) MEG

Figure 9. Algal diets were chosen to condition the adult black abalone. Various combinations
of algae and algal quantities were added to each of the 4 containers containing the adults.
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Figure 10. Accumulative weight gain (in grams) in adults for each of the 4 culture containers over time. All
abalone showed a positive increase in weight.
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Figure 11. All diets showed a high variation in feeding conversion efficiency (amount of algae consumed to
net increase in weight in the adults. This variation may be attributed to seawater temperature and the quality
(nutrition) of the algae consumed.
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'p_R-esearch Question 1 Statistical Analysis

Hypothesis a: A mixed diet
of brown and red algae will
result in highest weight gain

Hypothesis b: A mixed diet
of brown and red algae will
produce the highest FCE

ANCOVA
* Diet
* Time
* DietxTime

> Weight (g)

ANCOVA
* Diet
*» Time
» Dietx Time
> FCE

Figure 12. Statistically, we tested 2 hypothesis which compare the effect of mixed diets on weight gain and
the highest food conversion efficiency (FCE).




Successful spawning of H. fulgens by exposure to hydrogen peroxide and sodium hydroxide was completed at
SSC Pacific Abalone Farm in June - July 2013.

Research Question 2

Spawning Adults:

Determine technique for induced spawning
of black abalone ot

« Hydrogen peroxide as irritant and sodium
hydroxide as buffer (Morse et al. 1977)

» UV treated water
= Temperature fluctuation

Mleasure fecundity by estimating eggs per
m

Diameter of the unfertilized egg as a proxy
for size (Huchette et al. 2004

Figure 13. All 3 methods for spawning induction have been successful for the surrogate species Haliotis
rufescens and H. fulgens. Because UV induction was very successful with both conditioned red and green
abalone, this is our method of choice for future spawning in the black abalone.

In order to increase settlement success, we conducted two experiments to test the effects of: (1) seawater type,
(2) antibiotic type and concentration, and (3) food type and settlement cue type and concentration. Specifically,
we tested three factors as they impact settlement of H. fulgens: (1) seawater type; artificial vs. 60 uM filtered
seawater, (2) antibiotic type; gentamicin vs. kanamycin, and (3) antibiotic concentration; low, medium, and
high. The concentrations for kanamycin were: low (0.175 mg/L), medium (0.349 mg/L), and high (0.698 mg/L).
Additionally, the concentrations for gentamicin were: low (0.261 mg/L), medium (0.522 mg/L), and high (1.04
mg/L). There was no settlement of H. fulgens within the filtered seawater treatment, which suggested that
artificial sweater in a static renewal system will be used for rearing larvae. Subsequently, only the data for
treatments of artificial seawater were analyzed. There was a significant interaction of antibiotic type and
concentration. In artificial seawater, a low concentration of gentamicin demonstrated significantly higher
settlement compared to high or medium concentrations of gentamicin or high, medium and low concentrations
of kanamycin. Antibiotics were only used for two days after egg hatching, and all treatments were induced to
settle utilizing GABA (Strathmann 1987). In experiment (2), we tested food type because once larvae have
metamorphosed and settled, they begin to feed on diatom films.
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Figure 14. Experimental setup for spawning the black abalone. Abalone were placed singly into individual
containers. Ejected gametes (sperm and eggs) would be collected and fertilized with other gametes from reared
abalone fed unique diets. Because of the limited spawning period of the black abalone (Fall, usually), we were
not able to use UV induction. The hydrogen peroxide stimulus was used once and was not successful. This
experiment will be conducted again in the summer-fall time frame in 2014.

Additionally, GABA concentration is of interest to determine the amount of the cue the larvae need to settle.
We tested two factors: (1) food type: Navicula (a diatom species) vs. Phytofeast (a commercial feed) and (2)
GABA concentration; low, medium, high, and crustose coralline algae (CCA) rock. The GABA concentrations
were: low (0.5 mg/L), medium (1 mg/L), and high (2 mg/L). The crustose coralline rock emitted an unknown
natural concentration. A two-way analysis of variance determined that both food type and settlement type were
significant, and there was no interaction between them. A low concentration of GABA and a diet of Navicula
was determined to have a 20% settlement success of juvenile Haliotis fulgens, which was significantly higher
than treatments containing Phytofeast, high and medium concentrations of GABA, and crustose coralline algae
rocks.
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2. How do parental algal diets and larval rearing temperatures
cause larvae to metamorphose at various rates and settle at
different abundances?
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15-16°C | 18-19°C | 21-22°C |

Figure 15. Research question on the relationship of what effect do parental diets and rearing

temperatures have on successful settling of the larvae. This question was not answered due to
limitations of the time required to fully condition the adult black abalone. This aspect will be
addressed during the summer 2014.

In previous studies, crustose coralline algae have been found to induce settlement of Haliotis species (Morse et
al. 1977). However, during our experiment, crustose coralline algae rocks introduced predators of H. fulgens
juveniles. Crabs and worms were observed feeding on shells of both the veliger stage and juvenile H. fulgens.
The two experiments, utilizing H. fulgens as a surrogate species, suggest that for this study, we should use
artificial seawater, a low concentration of gentamicin, and a low concentration of GABA to induce settlement of
H. cracherodii, and Navicula spp. as a post-larval/juvenile food type.

- e - »\/ 2
Research Question 3

Rearing Larvae to Settlement

» Separate larvae from 4 different diets into 3
different temperature ranges: 15-16°C, 18-
19°C, and 21-22°C (Leighton 1974)

©

Determine day when larvae begin to swim
and land

» Add settlement inducer y-Aminobutyric Acid B
(GABA)

* Count number settled the day after GABA
is added

Figure 16. Protocol method to address successful settlement of black abalone larvae. This
will be tested in the summer 2014.
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Figure 17. Laboratory set up for settling abalone larve at 3 temperature ranges. This will address
aspects listed in question 3 (above). The system is a static renewal system where diatom diets will be
provide at set temperature ranges. These ranges overlap those temperatures encountered by wild
larvae.

It is essential to refine settlement techniques using a different Haliotis species, prior to handling H. cracherodii
larvae. This will address aspects listed in question 3 (above). The system is a static renewal system where
diatom diets will be provide at set temperature ranges. These ranges overlap those temperatures encountered by
wild larvae.

SIGNIFICANCE

Improving laboratory spawning and culturing techniques of various southern CA abalone species in order to
increase larval settlement and competency is crucial in supporting conservation efforts and commercial abalone
farms. By increasing larval settlement and juvenile recruitment in aquaculture settings, more abalone will be
available to outplant into the wild populations, thereby enhancing the potential success of recovery activities.
The results of thorough experimentation will help various institutions understand how to successfully spawn
and culture southern CA abalone species, and these techniques will provide vital information in an attempt to
aid in their recovery. In addition to improving spawning and settlement techniques, outplanting is crucial in
restoring natural populations (Lapota et al. 2000). Outplanting seeds natural populations with laboratory reared
propagules, which increases the number of reproductive individuals in the population and may increase the
number of eggs and sperm in the water column during aggregated spawning events. This will increase genetic
diversity of the wild population and will assist in the recovery of this ecologically and commercially important
species. Results from this study may also be used to aid in restoring other depleted abalone populations such as
the white abalone, H. sorenseni. These species are the first two marine invertebrates to be listed as endangered,
and more Haliotis species will likely follow this trend if nothing is done. More research of this nature is
desperately needed to conserve and restore wild populations of all southern CA abalone. Furthermore,
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additional research is needed on how to successfully spawn southern CA abalone species in the laboratory,
increase settlement of laboratory-reared juveniles, assess the success of outplanted juveniles, and in overcoming
the effects of withering foot syndrome.

= atrem //’

Conclusion and Significance

S

» Synergistic effects of
parental diet and larval
rearing temperature

= Fill gap of knowledge
regarding larval stages of H.
cracherodii

= Support conservation
research on the endangered
H. cracherodii that may apply
to other Haliotis species

Figure 18. Gaps that remain for successful spawning of the black abalone.

CONCLUSIONS

While all aspects of this study were not completely addressed in FY12,we do anticipate completion of the
remaining research questions in the summer 2014. We have investigated diets which show promise for
conditioning adult abalone and have observed seawater temperature controls which affect weight gain and
weight loss in the abalone. Temperature is critical for satisfactory development of gamete production. Cooler
temperatures appear to be less stressful and encourage an increase in body weight and gonad development.
Higher seawater temperatures appear to be more stressful as body weights leveled off and even decreased with
sustained elevated temperatures. We have also observed that no one diet is conducive to maximum weight gain,
however, mixed diets (consisting of red, green, and brown algae) promoted a greater feeding rate and increased
gonad development. Identification to sex was observable toward the end of the summer 2013. Only one
spawning attempt was conducted with hydrogen peroxide which proved to be unsuccessful. By continuing to
condition the abalone from December 2013 to April 2014, we have observed a positive weight gain and have
observed an interesting trend of weight gain, weight loss, with decreased water temperatures and increased
water temperatures, respectively. By manipulating these variables and a mixture of spawning methods
(temperature shock, hydrogen peroxide, and use of ultra-violet light stimulation), spawning activities will allow
us to pursue and answer the remaining research questions.
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